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Extending magnetic resonance imaging to the atomic scale has been a long-
standing aspiration, driven by the prospect of directly mapping atomic positions in
molecules with three-dimensional spatial resolution. We report detection of
individual, isolated proton spins by a nitrogen-vacancy (NV) center in a diamond
chip covered by an inorganic salt. The single-proton identity was confirmed by the
Zeeman effect and by a quantum coherent rotation of the weakly coupled nuclear
spin. Using the hyperfine field of the NV center as an imaging gradient, we

determined proton-NV distances of less than 1 nm.

Magnetic resonance imaging (MRI) is well known from clinical medi-
cine for providing noninvasive images of objects with three-dimensional
resolution and rich image contrast. Although MRI is typically limited to
micrometer-to-millimeter-sized samples (/), extension to voxels of a few
(nm)* containing 10*-10° nuclear spins has recently been reported by
several techniques, including magnetic resonance force microscopy (2,
3) and diamond-based magnetometry (4—7). The ultimate goal of such
nano-MRI is the direct mapping of atomic coordinates with single spin
sensitivity (8, 9). This capability is expected to greatly aid structure de-
termination of proteins and other complex biological molecules and
would be extremely useful for the chemical analysis of nanostructured
surfaces and associated dynamics.

We present a step toward such an atomic-resolution MRI technique
by detecting the nuclear magnetic resonance (NMR) signal from isolated
hydrogen nuclei formed at the surface of a diamond chip. Our measure-
ments take advantage of near-surface nitrogen-vacancy centers (NV
centers) that could be coherently coupled to the weakly interacting nu-
clear spins. By utilizing the hyperfine field of the NV center as an imag-
ing gradient, we could further determine the relative location of the
hydrogen nuclei, providing a simple form of two-dimensional MRI with
atomic resolution. The results suggest that diamond-based NMR sensors
provide a viable route toward the three-dimensional spatial mapping of
atoms in molecules.

The NV center is a prototype single spin system that can be optically
initialized and read out at room temperature (/0). The electronic spin has
a long coherence time that has proven especially useful for quantum
information processing and high-resolution magnetic sensing applica-
tions (//-14). Diamond magnetometry has recently enabled important
advances toward nanoscale NMR detection, including the identification
of up to 8 *C nuclei within the diamond lattice (15—18), the detection of
small ensembles of 'H, °F, ¥Si, and *'P nuclei applied to a diamond
chip (4-6, 7, 19), and scanning probe imaging with a resolution ap-
proaching 10 nm (20, 21).

Of central importance to sensitive NMR measurements are NV cen-
ters positioned near the diamond surface that maintain their negative
charge state and a long spin coherence time. In our study, NV centers
were created at ~10 nm depth in a commercial (001) single crystal dia-
mond substrate by low-energy ion implantation (22), followed by a slow
removal of the top diamond layers by oxidative etching until the depth
was <3 nm (6). Even at this close proximity, the NV spins had long co-

herence times of up to 200 ps under
dynamical decoupling. To introduce the
proton spins, the diamond chip was
coated with a thin film of ammonium
hexafluorophosphate ~ (NH,PF¢) by
thermal evaporation. We found that the
combination of oxidative etching and
NH,4PF deposition introduced a slight,
atomic-scale topography to the surface
(~1 nm-rms) that resulted in the for-
mation of isolated hydrogen nuclei
(Fig. 1A).

The experimental setup was a
home-built confocal microscope that
operated under ambient conditions and
used 532-nm laser light together with a
single photon counter to polarize and
detect the NV center. The microscope
was equipped with a coplanar wave-
guide to apply microwave pulses to the
electronic spin. A moveable permanent
magnet provided a static field of By ~
180 mT. NMR signals were detected
using a multi-pulse detection sequence based on Carr-Purcell decoupling
(Fig. 1B) whose detection frequency could be tuned in and out of reso-
nance with the nuclear Larmor precession by adjusting the interpulse
delay (3, 6, 23, 24). At resonance with a specific nuclear spin species,
the nuclear magnetic noise accelerates the decoherence of the NV center,
reflected in an enhanced rate of transitions between spin states. The re-
ported signals present the probability P (with values between 0 and 1) of
a spin transition occurring between the NV center’s mg = 0 and mg = —
spin states during a chosen evolution time 7.

Figure 1C shows typical NMR spectra recorded by 5 different NV
centers. We found all spectra to show a peak in the transition probability
at the expected '"H NMR frequency given by y,B,, where v,/21 = 42.57
MHz/T is the proton gyromagnetic ratio. This “bath peak” originates
from an ensemble of more distant protons, such as those in terminating
surface groups, surface-adsorbed molecules or NH4PF¢ (6, 20, 21). By
contrast, the most striking features in the spectra were strong additional
resonances that appeared at slightly higher frequencies than the expected
'H position.

The peak frequencies depended on the magnitude of the applied stat-
ic field B, with a linear slope given by vy, (Fig. 2, A and B). This identi-
fies all peaks as proton resonances. Moreover, we found that the
frequency differences between peaks were independent of By to within
experimental error (Fig. 2C). Such behavior is expected for nuclear spins
that experience a hyperfine interaction; in the limit of strong external
field By >> gy, the frequency offset then represents one-half the paral-
lel component g of the hyperfine coupling tensor (15, 17, 25). The ob-
servations in Fig. 2 are strong evidence that all resonances are related to
'H nuclei, and not for example to the NV center’s '*N nucleus or imper-
fections of the multipulse detection sequence. No extra 'H peaks were
seen with other surface coatings on at least 20 NV centers. Additional
data and control measurements are given in the supplementary materials
(25).

We verified that resonances originated from single nuclei by exploit-
ing the quantum nature of sensor and target spins. Figure 3 displays the
transition probability for the peak (red rectangle) of NV4 (Fig. 1C) for a
progressively longer evolution time 7. The transition probability showed
an oscillatory behavior that signals a coherent joint rotation entangling
the electronic and nuclear spins (/5). In particular, the transition proba-
bility well exceeded the P = 0.5 threshold that distinguishes quantum
coupling from classical decoherence (/6). The oscillation could be well
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reproduced by a density operator calculation (shown with Fig. 3) that
took the Zeeman and hyperfine interactions of the single nuclear spin
into account (25). Although quantum coherent coupling could also result
from small proton clusters, we found that only single protons can gener-
ate the oscillation observed in Fig. 3. The additional resonance in the
spectrum therefore must result from a solitary hydrogen nucleus, and
cannot for example be caused by a H, molecule, -CH,/~CHj3 group, or
NH," ion. From the oscillation period we could further directly deduce
the transverse component of the hyperfine coupling tensor as ai/2m =
14.5 + 0.3 kHz (25).

Assuming that the hyperfine interaction is dipolar, we can use the
values of g and a1 to infer two out of three spatial coordinates of the
protons, thereby realizing a crude form of magnetic resonance imaging
with atomic resolution (Fig. 4). Specifically,

a, = hyt,ynhr% (3cos2 0- 1) and a, =22y y r3sin0cos® , where 7 is
47 4n

distance, 0 the interspin angle, y./2n = 28.02 GHz/T the NV electron

gyromagnetic ratio, y, the permeability of free space, and h Planck’s

constant (16, 17, 25).

Figure 4 shows that all identified single protons were located very
close, less than 1 nm, from the NV center and that positions near the NV
symmetry axis (the [111] crystal axis) were favored. Both observations
are unexpected. Since the protons were spatially isolated, we speculate
that they became bound in troughs of the surface topography and were
thus spatially offset from surface adsorbates. Protons may also have
become incorporated into the diamond lattice during thermal evaporation
or by proton diffusion, although both processes are unlikely (25). The
favored axial position can be explained in several ways; for example, the
axial position may be the only stable configuration for negatively
charged NV centers with such nearby hydrogen atoms, as expected from
electron density calculations (26), or local effects like paramagnetic
surface defects could shift the nuclear spin levels and enhance a; (27).

The detection of single 'H nuclei presents an important step toward
diamond-based nano-MRI. Although in our study the placement of pro-
tons was stochastic and did not reflect the original structure of the ap-
plied sample, the technique provides many opportunities for future
imaging experiments. In order to resolve neighboring nuclei in larger
molecules with many atoms, for example, one may consider introducing
a nanoscale magnetic gradient, such as the high gradients provided by
scannable magnetic tips (28, 29) or current-carrying constrictions (3).
Alternatively, one could improve the spectral resolution using correla-
tion measurements (30, 37) or by analyzing internuclear couplings, like
spin pairs (32). By introducing nuclear or electronic spin labels—a rou-
tine technique in protein NMR—one could finally target specific sites in
a molecule.

Ultimately, the molecular imaging capability will be bounded by de-
tection sensitivity, which sets a limit on the maximum distance at which
a single proton can be sensed. This constrains the size of a target mole-
cule. For our experiments, detection sensitivity was limited by photon
shot noise to about 23 nT when allowing for one minute of averaging.
This corresponds to a proton hyperfine field at a separation of approxi-
mately » = 4 nm (25). Recent advances to NV signal detection could
enhance this sensitivity by at least one order of magnitude, including
efficient microfabricated photon collectors (33, 34), quantum storage
and error correction protocols (33, 36), hyperpolarization (37), and me-
diating electron spins (38, 39). Assuming the atomic sensitivity can be
extended to a sensor stand-off of 10 nm, diamond-based nano-MRI
could contribute detailed structural information on many important sys-
tems in the nanosciences, such as proteins in biological membranes or
polymer assemblies in patterned media.
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Fig. 1. Basic configuration for single-proton NMR detection. (A) Sketch of the
diamond sensor chip with NV center, interface region with single protons, and
NH4PFs sample. (B) Multipulse detection sequence based on Carr-Purcell
decoupling. Optical pulses were used to pump and probe the NV spin state via the
spin-dependent fluorescence. The detection frequency f = 1/(21) was adjusted by
varying the interpulse spacing 1, and N was typically a few hundred. The detection
sequence was repeated several million times to build up sufficient photon counting
statistics. (C) Representative NMR spectra recorded by 5 different NV centers.
Plotted is the transition probability between ms = 0 and ms = —1 spin states for a
fixed number of pulses N. Black dots are the data and red curves are Gaussian
fits. The vertical dashed lines indicate the expected H NMR frequencies at the
given applied field By, and the gray shaded areas reflect the calibration uncertainty
(1 mT) in Bo.
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Fig. 2. Zeeman effect and hyperfine coupling of proton spins. (A)
NMR spectrum (NV4) at three different external fields By. All peaks shifted
with Bp. In comparison to Fig. 1, two resonances were resolved for the
central peak. A" |abel the frequency shifts with respect to the expected
proton frequency (dashed vertical line). (B) Peak frequency as a function
of Byp. Yellow diamonds and black triangles show the two peaks from NV5.
Diagonal lines have slope y,/2m = 42.6 MHz/T. (C) Frequency difference
between peaks (1-2) and (1-3), respectively. No dependence on By is
seen, as expected for a dipolar hyperfine interaction. Horizontal dashed
lines are average values. Error bars are fit error of peak position in 95%
confidence.
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Fig. 3. Coherent joint rotation of the coupled electron-proton
two-spin system. Shown is the transition probability for peak
(black triangle, NV4) as a function of evolution time T. Bold solid
curve shows quantum-mechanical evolution based on a density
operator calculation. Other curves are given for comparison and
show evolution for an NV center coupled to n = 2, 3, or 4 protons,
as well as decoherence due to a “classical” proton spin bath. The
oscillation was damped on a time scale of 193 £ 23 pus, which is
consistent with the NV spin coherence time of T, = 206 + 8 pus
obtained by a separate measurement. Similar curves for NV3 and
NV5 are provided in fig. S5.
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Materials and Methods

Diamond chip engineering

The diamond chip used in this study is the same as the one discussed in Ref. (6). The diamond chip was a
standard “electronic grade” single crystal with approximate dimensions of 2 x 2 x 0.5 mm? (ElementSix).
The crystal had a (001) surface orientation and was received scaife polished by the manufacturer. The surface
was briefly etched by ArCl plasma to remove a few hundred nanometers of material due to possible polishing
damage. NV centers were formed by implantation with >N ions using an energy of 5 keV and a fluence of
10! cm~2 and by subsequent annealing at 850°C in high vacuum (p < 2 x 10~7 millibars) for 2 h. These
implantation parameters should lead to NV centers with an average depth of 8 nm and a straggling of £3
nm according to stopping-range-of-ions-in-matter calculations (22). The diamond was subsequently heated
to ~650°C in ambient air to slowly remove about 10 nm of material by oxidation (6). Before deposition of a
proton-containing sample, the diamond was cleaned in an acid bath and by heating it in air to 450°C. Surface
analysis by atomic force microscopy revealed that air oxidation introduced a slight topography to the surface;
as shown in Fig. S1, the surface roughness increased from 0.12 nm-rms before air oxidation to 1.05 nm-rms
after air oxidation.

NH,PF; application and proton formation

NH,PF; deposition

The inorganic salt ammonium hexafluorophosphate NH4PFg (99.99 % trace metals basis, Sigma Aldrich)
was used as the proton-containing sample. The salt was compressed to a dense pellet of 5 mm diameter
and thermally evaporated out of a molybdenum boat. Thermal evaporation was performed at a pressure of
1075 millibars. The NH4PFg film had a nominal thickness of 20 nm based on the quartz crystal reading
of the evaporator. Inspection by optical microscopy showed that the film was discontinuous with patches
of the surface uncovered by the salt. Moreover, there were indications that the film became less thick and
vanished during the experiments. This can be expected from the volatile and hygroscopic nature of the salt.
In particular for the NV center where a '9F signal was observed (NV4), the peak reduced with time and the
signal eventually disappeared entirely.

Surface characterization

Evidence of a chemical interaction of NH4PF¢ (and later of KPFg) with the diamond surface was observed.
Although most NV centers were still present after the deposition, some bleached during investigation and
NV centers were generally less stable with decreased ODMR contrast and shorter 75. (No background fluo-
rescence was seen from NH4PFg). Depth calibration of one NV center before and after NH4PFg application
by NV-NMR showed a reduction of the nominal depth from 5.2 to 2.6 nm, and an associated reduction by a
factor of two in the spin coherence time 75 (see Fig. S3). At the end of the study, the NH,PFg film was re-
moved and replaced with a ~ 150 nm thick thermally evaporated layer of (proton-free) KPFg. All previously
investigated NV centers disappeared after KPFg deposition and only very few implanted NV centers were
found remaining. Although we do not know the precise chemical reaction, we believe that the interaction of
NHI and PFy ions (or their products) with the top diamond layer, combined with the atomic-scale surface
topography introduced earlier, was essential for the formation of the isolated protons observed here.

Proton location

Given the isolated nature of detected single protons we have speculated whether the spins are located on the
chip surface or whether they have been incorporated into the crystalline lattice of diamond. Since the diamond
surface typically has a significant interface region (~nm), consisting of varying hybridization (sp?, sp®) of
carbon atoms, varying surface groups, dangling bonds, adsorbate molecules, and atomic-scale topography,
it is difficult to give a precise definition of the surface. Because the distinguishing feature of our protons
is their isolated nature (no other hydrogen nuclei right nearby), we have focused our attention on possible



mechanisms that could generate such isolated protons. These are briefly summarized below:

- Isolated protons were formed in pockets of the surface topography during NH4PF¢ deposition. The
chemical reaction with NH4PFg created or enhanced pockets in the surface that were subsequently
saturated by hydrogen. The protons are located at the bottom of the interface region. We believe that
this is the most likely scenario.

- Protons were formed sub-surface (in the sp? or sp? region) through impinging NHZr ions. This scenario
is unlikely since the kinetic energy of ions was far too low and likely insufficient to even penetrate the
adsorbate layer.

- Protons were generated by a chemical reaction and subsequent diffusion into the sp? or sp? region.
A possible chemical reaction could be the decomposition of PF; by H2O into HT, F~ and PF5OH or
other reactants. This scenario is unlikely, because H" would immediately become hydrated to form
H30™. We are further unaware of literature that would describe proton diffusion in crystalline diamond
at room temperature.

Experimental setup

The experimental apparatus was a home-built confocal microscope that operated under ambient conditions.
Continuous-wave green laser light (CNI 532nm DPSS Laser, 200 mW) was passed through an acousto-optic
modulator (Crystal Technology 3200-146, ~ 50 ns rise time) in a double-pass arrangement, and spatially
filtered using a single mode optical fiber (Thorlabs). The light was focused onto the diamond surface using a
pair of scanning mirrors (Cambridge Technologies) and a high-NA air objective (Olympus UPLSAPO40X2,
NA=0.95, 40x). A glass slide with a lithographically patterned Au microwave transmission line was inserted
between the objective lens and the diamond chip. Red light emitted by the NV center was collected by the
same objective and scanning mirrors, branched off by a dichroic mirror (Omega Optical), and band-pass
filtered in the 630-800 nm wavelength range. A free-space single photon counter module (Perkin Elmer
SPCM-AQRH-16) was used as the photodetector. A counter card (National Instruments, PCI-6602) was
used to time-tag photon counts. Gating and binning of photons was carried out in software.

The microwave pulses were generated by an arbitrary waveform generator (Tektronix, AWG5002C, 600
MS/s) at a carrier frequency of 100 MHz and upconverted to the desired 2-3 GHz using an I/Q mixer (Marki
Microwaves, 1Q-1545) and a low-phase-noise synthesizer (Phasematrix, Quicksyn FSW-0020). Amplitude
and phase modulation was done in software during numerical synthesis of the arbitrary waveform. The
microwave signal was amplified by a linear power amplier (HD Communications, HD28271, 30 W) and
delivered by passing current through the microwave transmission line in close proximity (< 10 pum) to the
sample. Microwaves were terminated in a high-power 50 €2 load. The Rabi frequencies of pulses were
typically around 30 MHz.

Static magnetic fields were applied by means of a NdFeB permanent magnet (KJ Magnetics, N52, 1/2”
diameter x 1” length). Field magnitude and orientation were adjusted by mechanically moving the magnet
using an automated translation stage. The magnetic field was aligned with the NV symmetry axis and its
magnitude calibrated using optically detected magnetic resonance (ODMR) measurements of the NV center
with different magnet positions. All investigated NV centers had the same crystallographic orientation. The
uncertainty in the absolute magnetic field and the misaligment from the N'V axis were not measured, but from
experience we know that they are less than £1 mT and +1°, respectively. Where the calibration uncertainty
was important, reported errors assumed an uncertainty of +1 mT and +1°, respectively. The typical fields
used in our experiments were between 170-200 mT.

Signal detection protocol

NMR signals were measured using a Carr-Purcell-type decoupling sequence, similar to previous NV-NMR
experiments (5,6). A pulse timing diagram is shown in Fig. S2. A laser pulse (~ 2 pus) was used to pump



the NV center into the mg = 0 spin state. Next, a 7/2 microwave pulse resonant with the mg = 0 to
mg = —1 transition generated a coherent superposition of the two spin states. A series of evenly spaced
7 pulses were used for dynamical decoupling. The phases of pulses were varied according to the XY8
protocol (23) as indicated in Fig. S2, and cosine-square pulse shaping was used. At the end of the decoupling
sequence, a second 7/2 pulse was applied to convert the coherence back into detectable polarization. Since
the fluorescence of the NV center is reduced by about 30% when in mg = —1 compared to mg = 0, a second
laser pulse (~ 2 us) can be used to probe the final spin state.

Reported in all our experiments is the transition probability p, which is the probability that the spin is found in
state mg = —1 at the end of the sequence. We have measured p by simultaneously recording two references,
refp and ref_; (see Fig. S2), which give the fluorescence intensity in the mg = 0 and mg = —1 spin states.
The transition probability is then given by p = (refy — sig)/(refy — ref_1), where “sig” is the fluorescence
intensity of the signal. The pump-probe sequence shown in Fig. S2 was typically repeated a few million
times until sig, refy and ref_; had integrated photon counts of > 10%.

Estimation of nuclear magnetic field

The transition probability depends on the phase A¢ picked up during coherent evolution under the influence
of a (fluctuating) magnetic field,

1
p = sin? [2A¢] (1
where the phase

T
Ap = /0 a7 B (8)Y (1) @

is a convolution of the modulation function Y (¢) with the magnetic field B.(t), and T is the duration of
coherent evolution. The modulation function, plotted in Fig. S2, is simply given by the periodic spin flips as
Y (t) = (—1)1/7], where 7 is the interpulse delay. The Fourier transform of Y (¢) determines the associated
“filter function” }7( f), also plotted in Fig. S2. The filter function acts as a narrow band filter that passes
signals at the center frequencies f = k/(27), with k = 1, 3,5, ..., and that has a filter bandwidth of Af =
1/T. For our experiments, we have always used the fundamental pass band k£ = 1 where f = 1/(27). We
have verified by scanning a wide range of f that detected signals indeed belonged to £ = 1, and not to a
higher order k.

Classical signals

NMR signals detected in reported experiments showed two different transition probability functions p(7'),
which we denote as “classical” and “quantum” signals. Large ensembles of nuclear spins produce a classical
response owing to the classical magnetic noise generated by spin noise. This noise has random phase and
magnitude, and the magnitude has a Gaussian distribution. At resonance (that is, if f equals the nuclear
Larmor frequency), the transition probability is

1 1 1

pensemble(T) =5 3€Xp _7T2fyzBr2ms s 3)
2 2 2

where By, is the rms magnetic field (component along NV axis) produced by the nuclear spin precession at

the location of the NV center. Importantly, for classical decoherence, the transition probability will always

be p(T') < 0.5.

Quantum signals

A different evolution of p(7T") is seen for quantum coherent coupling to single proton spins. As discussed in
the Supplementary Text as well as in Refs. (/5,17), the transition probability for an NV center at resonance

1S
1 1

Psingle proton(T) = 5 - 5 COS(CLLT/TF)v (4)



where a is the transverse component of the hyperfine coupling. Simultaneously, the resonance frequency is
shifted from the “bare” Larmor frequency v, Bo by a /2, where q| is the parallel component of the hyperfine
coupling. Here we assume that the interaction is dipolar, and that the external bias field is much stronger than
the hyperfine interaction.

Correction for finite pulse lengths

Because the interpulse delay 7 becomes very short at high detection frequencies, 7 pulses consume a sig-
nificant fraction of the free evolution time. The phase pickup described by Eq. (2) becomes less efficient,
and By and a  values are underestimated. Reported B, and a  values have therefore been corrected to
account for the less efficient phase accumulation.

Using a density operator simulation we have determined that phase pick-up during 7 is slowed down by a
factor x = 1—0.5¢, /7 for square-shaped m-pulses, and by a factor x = 1—0.25¢, /7 for cosine-square-shaped
m-pulses (with equal peak amplitude), where ¢, is pulse duration. Using values typical for our experiments,
7 = 60mns, t; = 40ns and cosine-square pulse shaping, the factor is x = 0.83. Reported values for By
and a are the fit values by Eq. (3) and Eq. (4), divided by =.

Estimation of proton positions

From the two components of the hyperfine interaction a|| and a,, the distance 7 and internuclear angle 6
between the NV center and the proton can be determined:

HoYeYnh
CLH = W(3C0S29— 1), (5)
e nh
ay MZ’Y ’YS 3cosfsinf. (6)
mr

We again assume that the interaction is dipolar, and that the external bias field is much stronger than the
hyperfine interaction. a|| and a have units of angular frequency. The angle 6 and position r as a function of

aj and ¢ | are:
1
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Supplementary Text

Simulation of quantum evolution

Hamiltonian

Density operator simulations were performed to calculate the quantum evolution of the transition probability
p(T) for different multi-spin systems. Simulations were all performed in a rotating frame resonant with the

mg = 0 to mg = —1 transition. The Hamiltonian considered was (in units of angular frequency):
H= Z%BOI“ SZAIJrZwa 9)
i,j=1
J>t

where S = (S}, Sy, S'Z) are the operators of the NV electronic spin, I: = (Iz i Iy i I i) are the operators of
the nuclear spins, 1 < 7, 7, < n are the indices for the nuclear spins, and n is the number of nuclear spins.
The first term is the nuclear Zeeman interaction, the second term is the hyperfine interaction with coupling



tensors A;, and the third term is the nuclear-nuclear dipole coupling with coupling constants wp ;;. For this
analysis the coupling to >N or 13C nuclei or a detuning of the microwave frequency was neglected. We have
verified in separate simulations that those do not affect relevant spin dynamics. Relaxation was neglected
for the simulation, but was considered as a phenomenological decay once the transition probability p(7") had
been calculated.

Simulations further took advantage of the fact that in our experiments, nuclear Zeeman frequencies are much
larger than the hyperfine interaction (v, By > || 4;||), so that the hyperfine interaction can be separated into
secular and nonsecular contributions,

n ~ ~ n
> SAT =Y S ay il + arile). (10)
i=1 i=1

Here a); and a, ; are the parallel and transverse components of the hyperfine coupling (see main text),
respectively. (An appropriate rotation of the coordinate system was used such that a | is along x). Since we

focused on the mg = 0 to mg = —1 transition, the Hamiltonian can be separated into the electronic and
nuclear subspaces. The Hamiltonian in the nuclear subspace then takes on one of two forms, depending on
whether the electronic spin is in the mg = 0 or the mg = —1 state, respectively,
n N
ho = Z%Bofz,i + Z wp,ijlz il (11)
i=1 ij=1
J>i
N N N
hoy = Z%Bofz,z' + Z(aH,iIz,i +ayile;) + Z wp,ijlz il 12)
i=1 i=1 i,j=1
j>t

(We have used lower case / to distinguish the nuclear-spin-only Hamiltonian from the full Hamiltonian).

Transition probability
The transition probability p is given by

p="Tr (=1|U_r/50cpUss2 (10)(0] & pruc) UL nUp 0T ol = 1) (13)
where |0) is the mg = 0 state and | — 1) is the mg = —1 state, and ppy is the density matrix of nuclear spins.

Ui /2 denotes the initial and final 7 /2 pulse required to create the coherent superposition between |0) and

| — 1) and convert it back to detectable polarization. Ucp is the propagator of the XY8 detection sequence
which consists of IV spin echoes formed by a 7 rotation sandwiched between two 7/2 free evolution periods,

Uce = (Dupineco) - (14)
Uspinearo = U (5) (0)(=1]+ = 10D T (). (15)
The basic building block of nuclear propagation,
0 (%) = I0)0lio + | = 1) (=1 (16)
can be expressed using the two subspaces with the propagators
fip = 671730/2’ (17)
Gy — 6—173,1/2’ (18)

where we have again used lower cases to emphasize that these are nuclear-spin-only operators. Combining
equations, the transition probability p(T") becomes

1 1 A T N2
p= 5 . §Re <'I‘I. |:pnuc (uiluguguil) (UOU1U1UO)N/2:|> y (19)

where the evolution time 7' is set by the number of 7 rotations N as 7' = N .



Performed simulations

Several scenarios were considered. For the simulations shown in Fig. 3, the dipolar coupling between nuclei
was neglected (wp;; = 0 for all 4, 7) and nuclear spins were assumed to have the same hyperfine coupling
parameters (aH’Z- =aq and a| ; = a for all 7). This scenario would be relevant for nuclear spin clusters with
rapid internal motion, such as rotating CHs or NH, groups. We have also calculated p(7) trajectories for
other Hamiltonians that include inequivalent @) ; and a, ; as well as non-zero wp ; j. These Hamiltonians
would all produce multiple peaks in the NMR spectrum and/or multifrequency oscillations of p(T').

For Fig. 3, @ and a, were chosen such that curves would fit the initial rise of p(7") in the first approx. 50 ps.
A phenomenological exponential decay oc e~ 1/7
for relaxation.

was superimposed on all plotted p(T') curves to account

Control experiments

Other diamond substrates and other samples

'H signals were measured on over 20 NV centers and on four different single crystal diamond substrates
and three different surface coatings. Tested substrates included a -doped '2C epilayer, the present "**C sub-
strate (after oxygen etching), a second "*'C substrate (after oxygen etching), and an as-grown '2C substrate.
NV centers in the latter three substrates were created by ion implantation. All surfaces were oxygen termi-
nated. Tested surface coatings with measurable 'H signals included microscope immersion oil, NH4PFg, and
naturally present adsorbate molecules (“no coating”). We observed that only NH4PFg would show isolated
proton peaks. We have not attempted to test a second NH4PFg-coated substrate due to the degrading effect
of NH4PFg to the delicate diamond chip surface.

One NV center of the present study (NV3) was measured before and after NH4PFg deposition. Before
deposition (and with immersion oil applied to the surface), the NV center showed a resonance at the expected
'H frequency with a defect depth of 5.24-0.5 nm. After NH,PFg deposition, the same NV center shows two
resonances (see Fig. 1D) with a defect depth of 2.6£0.4 nm. Moreover, the coherence time 75 was reduced
from 26 usto 11 us (see Fig. S3).

As a further control, we have attempted to remove the single protons by replacing NH,PFg with proton-free
KPFg, but found this procedure to eliminate all investigated near-surface NV centers in the substrate (see
Materials and Methods).

Impertections in the detection sequence

A number of tests were performed to verify that the observed NMR signals were due to protons and not due
to imperfections in the microwave pulse sequence. In particular, we have recorded '"H NMR signals using
different 7 pulse amplitudes and durations and using different sampling frequencies and carrier frequencies
for microwave generation. We have also measured 'H signals on two different experimental setups, with
different RF hardware, and found no discrepancies. A large window of NMR frequencies was further scanned
to verify that observed peaks corresponded to the fundamental frequency of the filter function.

Possible couplings to '3C and >N nuclei

Additional hyperfine couplings to the >N nucleus of the NV center and nearby lattice '3C nuclei were
occasionally observed as additional peaks in the NV-NMR spectrum. These peaks behave distinctly different
from the 'H resonances, and most importantly, do not follow the 7,, = 42.6 MHz/T scaling with magnetic
field By. '3C resonances were always present at low NMR frequencies (~ 2 MHz). 5N resonances were
occasionally seen at low frequencies (< 3 MHz) when the magnetic field was not properly aligned with the
NV symmetry axis.

Measuring the hyperfine interaction on the NV spin resonance

The question arose whether the hyperfine interaction between the NV spin and the nuclear spin in the order
of several hundreds of kHz could also be observed on the resonance of the NV spin. In Fig. S4 the optical



detected magnetic resonance (ODMR) measurements for NV3 to NV5 are shown. The resonance line is split
by ~3 MHz due to the >N hyperfine interaction and the residual linewidths for all three NV centers are
rather large, of order 1 MHz, which makes it difficult to resolve the hyperfine interactions on the NV center
resonance.

Detection of free nuclear precession

As a further test, we have attempted to detect the free nuclear precession (36) of protons by using two XY8-N
sequences spaced by a variable delay time ¢, and looking for oscillations in the detected signal as a function
of t. No oscillation was observed within experimental error. We attribute this to the poor efficiency of the
sequence (with very short pulse delays), or to inhomogeneous broadening of the proton resonance.

Detection sensitivity

We have estimated the minimum detectable magnetic field using Eq. (22) provided with the Supplementary

Material of Ref. (39):
—0.5

1 -1
Bunin = | 7€ T2 ey T (Tyos R) ™S : (20)

Here, T is the evolution time, 75 is the decoherence time under CP decoupling, € is the optical contrast
between mg = 0 and mg = —1 states, 7. = 27 x 28 GHz is the electron gyromagnetic ratio, T is the total
time of the experiment, and R is the photon collection efficiency given as number of photons per probe laser
pulse.

Current experiment

Taking the experimental parameters for NV4, 7o = 200 us, ¢ = 0.25, R = 0.015, and setting T' = T
and Tiot = 60s, one obtains B, = 23nT. This can be converted into a minimum detectable hyperfine
coupling a; ~ 7yeBmin = 640 Hz. Comparing this to the magnitude of a at a certain distance r, one finds
that 7ax = 4nm. Thus, the coupling of a single proton in 4 nm distance could be detected with unit SNR
using one minute of averaging. This distance is approximate, since | also depends on the angle 6.

Estimated future improvements

Improvements in photon collection efficiency will directly improve the magnetic field sensitivity. Using
nanopillar waveguides, photon count rates as high as 1.5 MC/s have been reported [S. A. Momenzadeh et al.,
arXiv:1409.0027], which is about 30x higher than the count rate for our experiment. Repetitive readout via
nuclear quantum storage (Ref. (35)) has shown a 10x improvement in readout efficiency. If combined, the
two advances would yield a 300 x improvement in the photon collection efficiency R, or equivalently, a 17 x
improvement in By,i,. The coupling of a single proton could then be detected at a distance of 10 nm.



Supplementary Figures
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Figure S1: Representative atomic force microscope (AFM) images of the diamond subtrate (A) after ArCl
etching and before oxygen etching, and (B) after oxygen etching in air at 650°. Surface roughness is 0.12
nm-rms in (A) and 1.05 nm-rms in (B), respectively.
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Figure S2: Details of the detection protocol. (A) Pulse-timing diagram of laser pulses, microwave pulses, and
photon detection. Times indicate delays and pulse lengths. 7/2 and 7 denote spin rotations by microwave
pulses. x an y indicate pulse phases that were according to the XY8 sequence. (B) Modulation function
Y (t) of the sequence, shown for a delay time of 7 = 60 ns. (C) Filter function Y (f) associated with Y (¢).
Example filter function is shown for a sequence consisting of N = 48 pulses (a few hundred pulses were used
in typical experiments). The fundamental filter frequency for the chosen delay time is f = 1/(27) = 8.33
MHz and the filter bandwidthis Af =1/T' = 1/(N7) = 0.35 MHz.
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Figure S3: Proton NMR spectra of NV3 before and after application of NH4PFg . Before NH4PFg deposition,
only a single peak is seen at the expected 'H frequency (dashed vertical lines) that originates from an en-
semble of more distant protons, such as those in terminating atoms and adsorbate molecules. After NH4PFg
application, an additional peak at slightly higher frequency appears due to the generated single proton.
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Figure S4: Optically detected magnetic resonance (ODMR) spectra for NV3 to NV5. ODMR spectra were
recorded using the method reported by Dreau et al., Phys. Rev. B 84, 195204 (2011).
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Figure S5: Coherent joint rotation of peaks (@,NV3) and (®,NV5), similar to Fig. 3. The bold solid lines
are fits to Eq. (4) using a as the free fit parameter and 75 from table S1 as a fixed parameter.
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Supplementary Tables

Number of | Evolution Ty By Bis Nominal depth d
pulses NV time 7' (upper bound)
(ps) (ps) | (mT) | (uT) (nm)

Fig. 1C | NVI1 512 30.6 97+3 183.6 | 2.0+£0.2 2.240.2

NV2 128 8.2 6.8+0.3 | 183.3 | 2.0+0.4 2.2+0.3

NV3 160 10.3 11£5 182.8 | 1.2+0.3 3.1+0.7
NV4 768 49.1 223410 | 183.6 - -

NV5 768 49.2 106+5 | 183.3 | 0.7+0.1 44+04
Fig. 2A | upper 1280 77.2 2068 | 192.6 - -
middle 1280 79.2 - 187.8 - -
lower 1024 65.0 - 183.3 - -

Table S1: Experimental and simulation parameters for NMR spectra shown in Figs. 1 and 2. N is the number
of 7 pulses. T is the evolution time at expected 'H frequency. T is the decoherence time under Carr-Purcell
decoupling. By is the magnetic field inferred from the NV ODMR frequency. By is the rms magnetic field
according to Eq. (3). d is a nominal depth of the NV center inferred from B, according to Ref. (6) based
on the NH,PFg proton density of p(') = 3.2 - 102 m~3. This model assumes a flat surface covered by an
infinitely thick proton layer. Since our surface had topography (was not flat) and was likely only covered by
a thin layer of adsorbate molecules and terminating groups, this nominal depth is overestimated and the NV
centers actually lie substantially closer to the surface.
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Fig. 2A |  Expected 'H Peak (1) Peak (2) Peak (3) AD T A® A®)
(NV4) | frequency (MHz) | freq. MHz) | freq. MHz) | freq. MHz) | (kHz) | (kHz) (kHz)
upper 8.199 8.449+0.003 | 8.25740.007 | 8.177+0.018 | 250+3 | 58+7 | -22+18
middle 7.995 8.24440.002 | 8.05040.010 | 7.970+0.034 | 24942 | 55+10 | -25+34
lower 7.803 8.036+0.002 | 7.8354+0.014 | 7.751+£0.014 | 23344 | 32+14 | -52+14

Table S2: Summary of peak shifts used for Fig. 2. Expected 'H frequency is ,, By from Table S1. Peak (1-3)
frequencies are the respective peak frequency determined by a Gaussian fit. A®) represents the difference
between the expected 'H frequency and frequency of peak 4. The frequency difference equals half the parallel

hyperfine coupling parameter a

(4)
I

the global +1 mT (£42.6 kHz) calibration uncertainty in Bj.
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Fig. 4 | Peak Expected 'H Peak frequency | q /27 a, /27 Distance | Polar angle
frequency (MHz) (MHz) (kHz) (kHz) r (nm) 0 ()
NV3 | (@) 7.782 7.975+£0.006 | 386+12 | 85+35 | 0.74+0.06 | 8.3+3.8
NV4 | (H) 8.199 8.449+0.003 500+£6 | 14.5+0.3 | 0.68+0.04 1.14£0.2
NV5 | (&) 7.803 8.531+0.003 | 1456+6 20+4 0.48+0.01 0.5+0.1

Table S3: Summary of parameters for single protons used for Fig. 4. Symbols represent peaks marked in
Fig. 1C and 2A. Expected 'H frequency is -y, By from Table S1. Peak frequency is center frequency of the
single 'H peak determined by a Gaussian fit. a| is the parallel component of the hyperfine interaction, given
by twice the difference between expected 'H frequency and peak frequency. a is the vertical component
of the hyperfine interaction, which was derived from on Fig. 3 for NV4 and on Fig. S5 for NV3 and NV5
using Eq. (4). Distance and polar angle are according to the relation between aj|, a, r and 6 given in the
Materials and Methods section. Frequency errors indicate 95% confidence interval from fits. Errors in r
represent uncertainty in absolute field calibration (£1 mT, equivalent to £2 - 42.6 kHz in ay)) rather than the
(smaller) fit errors. Errors in € represent propagated fit errors; here the absolute uncertainty is +1°. Error
bars in Fig. 4 denote the fit error or calibration uncertainty, whichever is larger.
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